The correlations among epidermal growth factor receptor (EGFR) gene amplification, gene mutation, overexpression/phosphorylation of EGFR protein and activation of its downstream molecules, signal transducers and activators of transcription 3 (Stat-3), Akt and extracellular signal-related protein kinase 1/2 (Erk1/2) were investigated in 28 cases of human lung carcinomas. In five cases of carcinomas with EGFR amplification, EGFR expression and phosphorylation levels were higher than other cases, and Stat-3 was activated in all five cases. Point mutations in the tyrosine kinase domain of EGFR were detected in five cases, one of which was also associated with gene amplification. In these five cases, both EGFR expression and phosphorylation were enhanced, and Akt was activated in four cases. In the remaining 19 cases, EGFR protein expression was upregulated in eight cases and phosphorylated in four cases, but neither EGFR nor phosphorylated-EGFR expression levels specifically correlated with activation of particular downstream molecules. In general, either Stat-3 or Akt, but not both, was activated reciprocally and complementarily to each other, as indicated by their phosphorylation. However, Erk1/2 was activated regardless of the status of Stat-3, Akt or EGFR proteins. The current data suggest that persistent Stat-3 activation may be a critical event downstream of EGFR that has been overexpressed by gene amplification. In contrast, tumor cells harboring the EGFR mutation may persistently activate a cascade via Akt. Finally, in the majority of cases that have no aberration of the EGFR, its downstream molecules function in reciprocal and/or complementary manner in the maintenance and/or progression of carcinomas. These overall results could provide novel insights into potential chemotherapeutic regimens for lung carcinomas, such as inhibitors of Stat-3, Akt and Erk1/2.
Current surgical and chemotherapeutic intervention for lung carcinomas has prolonged survival of patients in advanced stages; however, the overall prognosis still remains unsatisfactory with a cure rate of less than 15%. 1 Several new strategies for targeting specific molecules have been developed, aiming, in particular, at the inhibition of activated tyrosine kinase. [2] [3] [4] This molecular targeting therapy was based on the assumption that the targeted molecule is overexpressed, frequently by gene amplification and critically involved in tumors. In this line, analysis of HER2 gene amplification can be used to determine the response of breast cancer to the anti-HER2 therapy, Trastuzumab. Epidermal growth factor receptor (EGFR) has also been the target of cancer therapies owing to its critical role and for its frequent overexpression in many epithelial cancers, including non-small-cell lung cancer (NSCLC). 2, 3, 5, 6 Our previous study showed that EGFR protein was overexpressed in 34% of NSCLC, and gene amplification was observed in 74% of EGFR-overexpressing tumors. 5 Nowadays, several EGFR-targeted therapies are in clinical use, including anti-EGFR monoclonal antibody cetuximab, as well as the tyrosine kinase inhibitors (TKIs), gefitinib and erlotinib. 2, 7 Gefitinib has shown dramatic clinical responses in about 10-19% of NSCLC that had been refractory to conventional chemotherapy. 3, 8 Most of these cases were revealed to have mutations in the kinase domain of EGFR gene. 7, [9] [10] [11] [12] The response to gefitinib has been reported to be unaffected by EGFR expression or EGFR amplification. [13] [14] [15] Consistently, gefitinib was less effective against squamous cell carcinoma (SCC) than adenocarcinoma (AC), despite the fact that SCC showed higher levels of EGFR expression, as it showed lower frequency of EGFR mutation. 13 However, other studies have reported that EGFR amplification is associated with sensitivity to gefitinib/erlotinib and with better survival. [16] [17] [18] [19] Upon ligand binding, EGFR undergoes autophosphorylation and transduces signals through several cascades mediated by adaptors that bind to Cterminal phosphotyrosines and recruit proteins involved in downstream signaling events. Those cascades involve signal transducer and activator of transcription (STAT), phosphatidylinositol 3 0 -kinase (PI3K)/Akt and Ras/Raf/extracellular signal-regulated kinase 1/2 (Erk1/2) pathways. 3, 6, 13, 15, 20, 21 STATs are transcriptional factors that are activated through phosphotyrosine residues of EGFR to modulate cell proliferation and differentiation. 21, 22 Phosphorylation of STAT leads to its activation and translocation to the nucleus, where it binds to DNAresponse elements. 21 Constitutive activation of STATs, in particular, Stat-3 is found in human malignant tumors and cancer cell lines, including carcinomas of the head and neck, lungs and others. [23] [24] [25] Akt is phosphorylated and activated by EGF through PI3-kinase and plays a critical role in various cellular actions, including glucose metabolism, DNA synthesis and antiapoptotic signaling. 26, 27 In addition, constitutively activated Akt can oncogenically transform cells and it has been reported to be hyperphosphorylated in many cases of NSCLC, although the frequency varies from 60 to 90% depending on the reports. 26, 28 Erk1/2 was originally shown to be activated by a variety of mitogenic agents, and is a ubiquitous component of signal transduction pathways regulating cell proliferation, survival and transformation. 20, 29 Constitutive activation of Erk1/2 was observed in cultured cancer cells of the kidney, colon and the lungs as well as in 30% of NSCLC cases. 29 Although these three cascades definitely play critical roles in EGFR signal transduction, the correlation between aberrations in EGFR and the activation of specific cascades in human tumors has not been elucidated. In fact, our previous study on soft tissue sarcomas showed that even in the cases with EGFR amplification, Erk1/2 was not always activated. 30 One report has shown that in cell lines stably transfected with mutant EGFRs, phosphorylation of both Akt and STAT is induced by EGF stimulation. 12 If this is the case, enhanced Akt and STAT signaling could be targets of therapeutic intervention and therefore, cells expressing mutant EGFRs may be more sensitive to the combined pharmacological inhibition of Akt or STAT with gefitinib. However, responsiveness against gefitinib therapy is not uniform among tumors harboring EGFR mutations. There were exceptional cases of tumors that show expression of wild-type EGFR, but are nevertheless sensitive for gefitinib, and there are cases that express Gefitinib-resistant EGFR mutants. 3, 7, 18, 31, 32 Furthermore, as the majority of the remaining cases express wild-type EGFR, we need to elucidate the details of the EGFR-activated cascades in order to determine the chemotherapeutic regimen. Clarification of these complicated issues will require comprehensive analyses to investigate whether the particular status of EGFR, that is, the presence of mutations or gene amplification, correlate with activation of specific downstream molecules. These results will ultimately determine the selection of chemotherapeutic agents and potential beneficial effects in each case.
For this purpose, we undertook a comprehensive analysis of EGFR aberrations and activation of EGFR-mediated signaling cascades in NSCLC in order to provide a rationale for the application of novel 'tailored' regimens of chemotherapy.
Materials and methods

Tissue Samples and Histological Classification
For this study, 28 cases of archival tissue samples embedded in paraffin and fresh frozen tissues of surgically resected specimens from patients with Stage I-IIIA NSCLC, together with their adjacent non-neoplastic lung tissues were utilized. All samples were obtained from the University of Yamanashi Hospital between 1995 and 2005 under protocols approved by the Institutional Human Tissue Utilization Committee (Project no. 45). Specimens include 17 cases of AC, 10 cases of SCC and one case of large cell carcinoma (LC). AC was further subclassified into 15 cases of 'adenocarcinoma of mixed subtype', one case of 'papillary carcinoma' and one case of 'solid adenocarcinoma with mucin'. 33 Tissues from two patients with ruptured bulla were used as control samples from nontumor patients. Expression of EGFR protein by immunohistochemistry (IHC) and gene amplification by fluorescence in situ hybridization analysis had already been examined in these cases and described previously. 5 Profiles of these 28 cases examined in the present study are summarized in Table 1 . At the time of surgery, none of the patients had received any treatment for lung cancer, including treatment with TKIs.
Immunohistochemistry
All tissue samples were routinely processed and serial sections of 3.5 mm in thickness were used for Thr202/Tyr204 (polyclonal) at 1:50 dilution. Antibodies were visualized by labeled streptoavidin-biotin peroxidase complex method (DAKO Japan, Kyoto, Japan). In the previous studies, the intensity of EGFR immunoreactivity was scored using a four-tier system that we and others have established: negative, no discernible staining; 1 þ , definite cytoplasmic staining and/or equivocal discontinuous membrane staining; 2 þ , unequivocal membrane staining with moderate intensity; 3 þ , strong and complete membrane staining. 5, 34 For the other proteins, p-Stat-3, p-Akt and p-Erk1/2, the intensity of reactivity was scored as positive ( þ ) or negative (À): positive ( þ ), definite nuclear staining with higher intensity than that of lymphocytes or endothelial cells which occasionally showed faint cytoplasmic staining; negative (À), no discernible staining or staining with lower intensity than those cells.
Immunoblotting Analysis
Fresh tissues were homogenized, sonicated in highsalt lysis buffer (0.5% Nonidet P-40, 0.05% SDS, 50 mM Tris-HCl (pH 7.6), 0.2 M NaCl, 5 mM EDTA, 50 mM NaF and proteinase inhibitors) and supernatant was taken as the final lysate. 35 Equal amounts (30 mg) of protein were applied for immunoblotting (IB). The same antibodies that were used for IHC were utilized for IB. Antibody against EGFR (monoclonal, Novocastra, Newcastle, UK) was used at a 1:200 dilution, anti-phospho-EGFR at 1:250 and the other antibodies against p-Stat-3, p-Akt and p-Erk1/ 2 were used at the same dilutions as in IHC. In addition, an anti-b-actin antibody (monoclonal, Cytoskeleton Inc., Denver, CO, USA) was used at a 1:1500 dilution as a loading control. Colorization was performed with nitroblue tetrazolium and 5-bromo-4-chloro-3-indol-phosphate (Promega, Madison, WI, USA). The data obtained by IB was scanned and incorporated into Image Gauge (version 3.2, Fujifilm, Tokyo, Japan) for densitometric quantification. The protein amounts were calculated relative to bactin which was assigned an arbitrary level of '10', and the quantitated protein level was expressed as the 'protein index', which was the value obtained in tumor tissue divided by that in paired normal tissue. When the value in normal tissue was '0', the value in tumor tissue was automatically used as 'protein index'. The results were confirmed by three independent experiments. In this study, protein expression was interpreted as 'upregulated' (for EGFR expression) or 'activated' (for phosphorylation of EGFR, Stat-3, Akt and Erk1/2) when (i) detectable expression was observed only in tumor tissue or (ii) the protein amount of the tumor tissue was more than 1.5-fold higher than that of the paired normal tissue ('protein index' 41.5).
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Statistical Analysis
Correlations between the results of IHC, IB and clinicopathological factors were analyzed using the unpaired comparison t-test, U-test of MannWhitney or Kruskal-Wallis tests. Patients' survival was analyzed by the Kaplan-Meier method with Logrank test for univariate analysis.
Nucleotide Sequence Analysis
For mutational analysis of the EGFR kinase domain, DNA was extracted from fresh-frozen specimens in Multiple, independent PCR amplicons were subjected to direct forward and reverse sequencing reactions with the same primers used for PCR and by ABI BigDye Terminator kit v3.1 (Applied Biosystems, Foster City, CA, USA). Sequencing reaction products were electrophoresed on an ABI 3700 genetic analyzer. Sequence variations were determined using Sequence software (Applied Biosystems) with the EGFR reference sequence (NM_005228.3, National Center for Biotechnology Information).
Results
Immunohistochemistry
Activation of Stat-3, Akt and Erk1/2 is accompanied by phosphorylation and can be detected using phospho-specific antibodies. 22 Recently, antibodies designed to detect these phosphoproteins are commercially available and widely employed to evaluate their activity. In order to examine the localization and topographical relationship between EGFR expression and downstream molecules, IHC was performed for each protein. Results are shown in Figures 1 and 2 and Tables 1 and 2 .
Epidermal growth factor receptor EGFR staining was previously performed on 181 cases of NSCLC and 28 cases among them which were accompanied by fresh surgical tissues were reevaluated in this study. 5 Seven cases (25%) showed 2 þ staining confined to the cell membrane in more than 70% of the areas examined ( Figure 1a and b for Case 3), and five of them were known to harbor EGFR amplification (Figure 1d) . 5 Six cases (21.4%) showed 1 þ staining both in the cell membrane as well as cytoplasm in 20-60% of the areas. The remaining 15 cases showed negative results ( Figure  2a and b for Case 8, Tables 1 and 2 ).
p-Epidermal growth factor receptor p-EGFR staining was very weakly (1 þ ) observed in five cases of tumors that showed 2 þ or 1 þ staining for EGFR (Table 2) . However, positively stained areas were markedly localized, covering up to 5% of the areas. Table 2 ).
p-Akt
In normal tissues, p-Akt staining was observed in the cytoplasm and nuclei of the bronchial epithelial cells. In tumor tissue, p-Akt staining was observed in both the cytoplasm and nuclei in 12 cases (42.9%) ( Table 2) . Although cytoplasmic staining could be generally observed throughout the tumor nodule without any particular distribution pattern, nuclear staining was observed predominantly in the peripheral areas of the tumor nodule (Figure 2d for Case 8).
p-Extracellular signal-related protein kinase 1/2 Although p-Erk1/2 staining was observed in both nuclei and the cytoplasm, nuclear staining was weakly observed in focal areas in five cases (17.9%, Table 2 ). The particular distribution pattern of the positively stained cells could not be evaluated.
In cases showing positive staining for any of these proteins, positively stained areas partially, but not completely overlapped with the EGFR-positive areas (Figures 1 and 2 ).
Immunoblotting Analysis
Next, expressions of EGFR as well as phosphoproteins were examined by IB to elucidate the potential role of these proteins in EGFR-mediated signaling. Results with densitometric analysis of the representative cases are presented in Figure 3 , and the data of all the cases were shown in Tables 2 and 3 .
Epidermal growth factor receptor 'Upregulation' of EGFR ('EGFR index'41.5) was observed in 17 of 28 cases (60.7%). Seven of these 17 cases showed strongly positive (2 þ ) staining for EGFR by IHC and five of these were previously confirmed to have EGFR amplification (Tables 1 and  2) . 5 Other six cases among these 17 showed weakly positive staining (1 þ ) and the remaining four cases showed negative staining by IHC. In adjacent normal tissues, 23 cases showed a low level of EGFR expression, in spite that no positive staining was observed in non-neoplastic tissues by IHC.
p-Epidermal growth factor receptor 'Activation' of EGFR was evaluated by blotting for EGFR phosphorylated at tyrosine 1068 , commonly used as a marker of EGFR autophosphorylation. 10 By this assay, EGFR was found to be activated in 12 cases (42.9%) all of which showed EGFR upregulation by IB. This leaves five cases that showed upregulation of total EGFR, yet did not show activation of EGFR. In normal tissues, 13 cases showed detectable p-EGFR, but bullous lung tissue did not show any detectable p-EGFR signal.
p-Signal transducers and activators of transcription-3 Activation of Stat-3 was observed in 14 cases and seven of these 14 cases showed EGFR activation. Thus, the remaining seven cases showed activation of Stat-3 without accompanying activation of EGFR, presumably by signals through a cascade that does not involve EGFR.
In normal tissues, 25 cases showed detectable p-Stat-3, whereas non-neoplastic tissues from cancer patients showed slightly higher values compared with the bullous lung tissue (0.80 vs 0.24 in average).
p-Akt
Activation of Akt was observed in 14 cases (50%). Four of these 14 cases also showed activation of EGFR. Tumor tissues and adjacent normal tissues revealed average p-Akt values of 2.42 and 1.07, respectively, but bullous lung tissue showed a very low level of p-Akt values of 0.11 and 0.15.
p-Extracellular signal-related protein kinase 1/2 Activation of Erk1/2 was observed in 13 of 28 cases of tumors (46.4%). Only three cases of these 13 cases showed accompanying activation of EGFR. Thus, the remaining 10 cases were p-EGFR negative, suggesting that phosphorylation of Erk1/2 could be inversely related to EGFR activation. In 12 cases of the remaining 15 cases that did not show Erk1/2 activation in tumors, adjacent normal tissue revealed identical or even higher levels of p-Erk1/2 than in the tumor tissue. Tissues from the bullous lung tissue also showed Erk1/2 phosphorylation at levels equivalent to those of normal tissue from cancer patients.
EGFR Mutation Spectrum
Given the apparent clustering of EGFR mutations as described previously, 10, 11 we sequenced exons 18-21 in 28 primary tumors. Sequencing of PCR-amplified DNA fragments revealed mutations in five cases. Genes from two tumors contained in-frame deletions within exon 19, removing amino acids 747 to 753 (delL747-P753insS) in Case 6 and 747 to 752 (delL747-S752) in Case 7 (Figure 4a ). The former resulted in the insertion of a serine, owing to the generation of a novel codon at the deletion breakpoint. Three other tumors had amino-acid substitutions: the substitution of T for G at nucleotide 2085 resulted in substitution of serine to arginine at codon 695 (S695R) of exon 18 in Case 5 (Figure 4b) , and leucine to arginine at codon 858 (L858R) of exon 21 in cases 8 and 9 (Figure 4c ). Mutations were found once only in each case and 
Correlation among the Results of Gene Aberrations, Protein Expression and Phosphorylation of Downstream Molecules
The overall results obtained from these different analyses were combined for all of the cases. EGFR amplification was found in five cases (Cases 1-5). These cases exhibited higher levels of EGFR expression (4.86-7.33 as indices) and four of these cases showed activation of EGFR (1.85-4.0). Therefore, in the tumors exhibiting EGFR gene amplification, EGFR protein expression was markedly higher, and often activated. In all these five cases, Stat-3 was activated (2.67-4.67 of p-Stat-3 index) to significantly higher level than the remaining 23 cases (Po0.005), but Erk1/2 were activated only in one case and Akt was never activated. One case harboring amplification as well as mutation (Case 5), Stat-3 was activated, but Akt was not despite the presence of mutation.
Mutation was found in five cases (Cases 5-9) one of which showed gene amplification (Case 5). This indicates that the mutation could be, but not necessarily associated with amplification. Although this particular case showed remarkably high expression of EGFR (5.60 of EGFR-index), probably due to amplification, four other tumors showed slightly higher expression of EGFR compared to other tumors (1.63-3.29 of EGFR-index), but not as high as the tumors showing amplification. However, these four tumors with mutated EGFR, but no amplification, showed markedly increased level of activated EGFR, with the p-EGFR indices ranging from 2.75 to 5.0. p-Akt was detectable at significantly higher levels (2.32-4.9 of p-Akt index, Po0.001) compared with the remaining 24 cases, and was thus considered to be activated in those four cases, whereas Stat-3 was never activated and Erk1/2 was activated in only one case (Case 6). Therefore, mutation of EGFR not accompanied by gene amplification was associated with slightly higher EGFR expression and significantly higher activation state of both EGFR itself and Akt.
In the remaining 19 cases, EGFR expression was upregulated in eight cases (42.1%), but the levels were far lower (2.35 of an average index) than those cases exhibiting gene amplification (6.21 of an average index). In those eight cases, a specific correlation with activation of downstream molecules was not observed. Overall, Stat-3, Akt and Erk1/2 were activated in 14, 14 and 13 cases, respectively. Each case showed activation of at least one of these three phosphoproteins. In particular, the phosphorylation patterns of Stat-3 and Akt were reciprocal and complementary: 24 cases showed activation of either of Stat-3 or Akt, and only two cases showed both.
Clinicopathological Analysis
These experimental results were statistically evaluated with clinical profiles of the cases. First, with regards to metastasis, correlation between IHC expression of each protein and metastasis was not found. However, when metastatic potential was analyzed in correlation with protein expression levels evaluated by IB, there was the trend that the cases showing lymph node metastasis revealed higher p-Akt expression (Table 2 ). Among eight cases showing lymph node metastasis, all cases revealed p-Akt indices of higher than 1.25 with the average of 2.68 and six of those eight cases were interpreted as 'activated'. In those eight cases, EGFR was activated in four cases, Stat-3 in two cases and Erk1/2 in three cases. In contrast, among 20 cases without metastasis, cases showing activated Akt were observable only in eight cases, and the average index was 2.00. Even in this limited sample size, the difference of Akt phosphorylation between these two groups was statistically significant (Po0.05). Thus, Akt phosphorylation was a possible predictive factor of metastasis. However, mutation of EGFR, expression levels of EGFR, phosphorylation of EGFR, Stat-3 or Erk1/2 did not show correlation with metastasis.
Next, IHC/IB expression of each protein was evaluated for the potential prognostic significance. Univariate analysis revealed no significant difference in survival rates between IHC-positive and negative groups or high-and low index groups evaluated by IB in any of proteins, probably due to small sample size.
Discussion
Gefitinib has been in clinical use in Japan and the United States for the treatment of NSCLC for the past several years. 3, 8 However, EGFR overexpression per se reflects the less critical role in determining the responsiveness to gefitinib. 13, 14, 36 In fact, the relationship between the presence of amplification and responsiveness to gefitinib as well as overall survival has been still under controversy depending on the reports. 13, 14, 36 It is, nowadays, consensus that the mutation in EGFR predominantly determines the effectiveness. This means that in only a subgroup of cancers which harbor EGFR mutations, EGFR signaling may play a critical role in biological behavior. Although experiments using cell lines harboring amplified or mutant EGFR or transfection of EGFR on cultured cells will show us precise underlying mechanisms of signal transduction, those models may not necessarily embody signaling events in real human tumors. Thus, we performed this study using many cases of human lung carcinomas.
Accumulated evidences have already shown that three downstream molecules of EGFR are actively involved in survival, proliferation and/or progression of tumor cells. 22 Close relationship between activation of Stat-3 and EGFR has been described in many human tumors, 37, 38 although EGFR-independent activation of Stat-3 in vivo and in vitro has also been described. 21, 22 Moreover, a positive correlation has been observed between EGFR mRNA or protein levels and Stat-3 activation in cultured cells. 37 Based on the present results showing that Stat-3 phosphorylation could be detected in cases exhibiting amplification of EGFR, strategies that selectively abrogate Stat-3 could be considered as targeting therapy against the tumors exhibiting EGFR amplification.
The PI3K-Akt pathway is partially involved in promoting cell motility and invasiveness of tumor cells, and is associated with metastasis in human tumors. 39 Indeed, we found that the cases exhibiting lymph node metastasis generally had higher p-Akt levels. However, Akt activation has been variously reported to be associated with better prognosis, 28 or with a better response to gefitinib, 13 but there have also been other reports indicating that Akt expression is correlated to resistance against chemotherapy and radiation. 26, 36 In turn, Akt activation was also shown to be closely associated with mutation of EGFR. In a report using cultured cells transfected with mutant EGFR, the PI3K-Akt and Stat pathways, but not the Erk1/2 pathway, were found to be activated by EGF stimulation. 12 Consistently, our results using surgical specimens of human NSCLC revealed that mutation of EGFR is closely associated with activation of Akt.
Stat-3, Akt and Erk1/2 each plays a particular role in promoting and maintaining tumors via a complicated network of downstream molecules involving crosstalk among several signaling cascades. 3, 6, 12, 13 The overall results in this study suggest that Stat-3 and Akt were activated in a reciprocal and complementary manner in both human NSCLC: that is, in 24 of 28 cases, either of Stat-3 or Akt, but not both, was activated. In contrast, Erk1/2 was activated regardless of the status of Stat-3 or Akt, and did not show any specific correlations with the status of upstream molecules, such as EGFR mutation, amplification or overexpression of EGFR protein.
One explanation for the diversity of molecules that are predominantly activated is that established cancer cells must maintain homeostasis between positive-and negative-acting factors, and thus the particular signaling cascade that is predominantly activated differs depending on the stage of the tumor and its environment. Furthermore, the cell apparently has fail-safe mechanisms against aberrant stimuli by growth factor, constitutive activation of downstream molecules and subsequent transformation. For example, the C-tail of EGFR plays an important role in preventing constitutive Stat activation, and following stimulation, EGFR as well as downstream molecules seem to be immediately downregulated by dephosphorylation and/or internalization. 3, 40 Collectively, the levels, duration and other parameters of various mitogenic signals seem to determine whether cells undergo proliferation or senescence/apoptosis in response to EGFR signals mediated by Stat-3, Akt and Erk1/2. Under these complicated environments, our findings showing Stat-3 activation in EGFR-amplified tumors, and Akt activation in mutant EGFR harboring tumors, may be notable in that they strongly indicate the specific activation of those two molecules in particular subsets of NSCLC. In these groups of carcinomas, abnormality of EGFR may cause sustained activation of Stat-3 or Akt even though half-life of phosphoproteins are usually short. 3, 40 There was one tumor that exhibited both EGFR amplification and mutation (Case 5). In this case, Stat-3, rather than Akt was activated despite the presence of mutations. This may be because the signal from amplified and overexpressed EGFR through Stat-3 was dominant. With respect to sensitivity to gefitinib, mutants harboring deletions in exon 19 (cases 6 and 7) or L858R in exon 21 (cases 8 and 9) have been shown to predict responsiveness, 7, 10, 11 although the susceptibility of tumors containing mutation in S695R (Case 5) has not been described previously. One hypothesis is that mutants sensitive for gefitinib transduce signals mediated by Akt and that the mutants resistant for gefitinib do not. If this is true, the tumor in Case 5 may not show sensitivity to gefitinib. However, clarification of this hypothesis requires further study.
p-Erk1/2 expression was not correlated with activation of EGFR in NSCLC, as also observed EGFR signal activation in lung carcinoma S Suzuki et al in our previous study on bone and soft tissue tumors. 30 In adjacent normal tissue from cancer-bearing lung, Erk1/2 was frequently phosphorylated (25 cases), followed by Stat-3 and Akt. In addition, those normal tissues occasionally showed similar or higher levels of p-Erk1/2 compared with the tumor tissues. Consistently, histologically normal mucosa from the patients, unlike normal epithelium from patients without cancer, have been reported to show upregulation of EGFR signaling proteins. 23, 29 This may be because adjacent normal tissue is activated by growth factors from the tumor in a paracrine manner, or these cells could have a metabolically higher condition owing to a higher blood supply and immunological reaction against the tumor, as none of phosphoproteins was highly phosphorylated in the tissue from bullous lung.
Although mutation of EGFR is generally associated with susceptibility to gefitinib, even these responsive tumors are not completely eradicated by gefitinib. Therefore, these cancers could potentially be treated by initially targeting the putative crucial molecule, such as mutated EGFR as mutated proteins may constitute the Achilles' heels in human cancer treatment. 3 However, in the subsequent treatment, downstream activated molecules should next be targeted as they may be more critical for survival. Although this study was on a small scale, the results showed clear trends and suggest several implications for therapy. First, amplification and mutation could be, but not necessarily associated with each other, as one of the five cases with mutation of EGFR showed gene amplification. This is comparable to data from a previous report showing that approximately 15-40% of tumors with mutations have amplification of the mutant allele. 3, 18, 41 Second, tumors with amplification of the EGFR gene expressed significantly higher amounts of EGFR protein compared with other cases, and EGFR was often activated. This enhanced EGFR signal is mediated by Stat-3, therefore, these cases could be indication for the treatment with Stat-3 inhibitors (tyrphostin AG17, cucurbitacin, etc), in addition to cetuximab which may contribute to efficacy as it may inhibit the action of overexpressed EGFR protein. 42 Third, tumors having mutated EGFR did not show remarkable overexpression of EGFR compared with tumors harboring EGFR amplification, yet EGFR was highly phosphorylated and signaled predominantly through Akt. It has been consistently reported that sensitivity to growth inhibition by gefitinib in NSCLC cell lines is associated with dependence on Akt and Erk1/2 activation. 15 Therefore, tumors with mutation of EGFR could be treated with Gefinitib, and in addition with Akt antagonist and PI3K inhibitors (KP372, LY294002 and wortmannin), which may enhance inhibition of the signaling cascade. 43, 44 In the rest of the cases, the downstream molecules that are specifically and selectively activated should be identified. Precise screening for these phenotypes could identify which patients may have a good response to targeting therapy and eventually determine the appropriate therapeutic strategy for each patient.
As the present study examined surgically resected cases that had not been subjected to gefitinib therapy, the correlation between our results and clinical responsiveness was not directly evaluated. Some important questions remain to be answered: (i) whether tumors harboring different EGFR mutants, and thus having different sensitivity against gefitinib still show activation of p-Akt, (ii) why the effect of mutation and amplification on downstream cascades was different and (iii) whether tumors showing constitutive activation of Stat-3 or Akt really respond to their cognate inhibitors. Analyses for answering these questions using mutated EGFR cDNA in cultured cells are required and have been under way in our laboratory.
